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r e l a t i v e  area of  a s e c t o r  of an e l l i p t i c a l  quadrant (sketch ( a ) )  
semiminor a x i s  of an e l l i p s e  
semimajor a x i s  of an e l l i p s e  
chord-force c o e f f i c i e n t  based on base  area of  e l l i p t i c  cone 
drag- force  c o e f f i c i e n t  based on base  area of  e l l i p t i c  cone 
l i f t - f o r c e  c o e f f i c i e n t  based on base  area of  e l l i p t i c  cone 
normal-force c o e f f i c i e n t  based on base  area of e l l i p t i c  cone 
su r face  p re s su re  c o e f f i c i e n t  
su r f ace  p re s su re  c o e f f i c i e n t  on c i r c u l a r  cone a t  zero angle  of  
a t t a c k  
su r face  p re s su re  c o e f f i c i e n t  on two-dimensional wedge 
su r face  p re s su re  c o e f f i c i e n t  on e l l i p t i c  cone a t  zero angle  of  
a t t a c k  i n  v e r t i c a l  plane of symmetry 
windward su r face  p re s su re  c o e f f i c i e n t  on e l l i p t i c  cone a t  angle  of 
a t tack i n  v e r t i c a l  plane of symmetry 
leeward su r face  p re s su re  c o e f f i c i e n t  on e l l i p t i c  cone a t  angle  of 
a t tack i n  v e r t i c a l  plane of symmetry 
su r face  p re s su re  c o e f f i c i e n t  on e l l i p t i c  cone a t  zero angle  of 
a t t ack  i n  ho r i zon ta l  p lane  of symmetry 
su r face  p re s su re  c o e f f i c i e n t  on e l l i p t i c  cone a t  angle  of a t t a c k  i n  
ho r i zon ta l  p lane  of symmetry 
windward su r face  p re s su re  c o e f f i c i e n t  on e l l i p t i c  cone a t  angle  of 
a t tack 
leeward su r face  p re s su re  c o e f f i c i e n t  on e l l i p t i c  cone a t  angle  of 
a t t a c k  
d i  f f e ren  t i a1 ope ra to r  
i n t e r p o l a t i o n  cons tan ts  
length  of  e l l i p t i c  cone 
free-stream Mach number 















slope of pressure distribution curve with respect to A* at 
horizontal plane of symmetry (sketch (b)) 
exponent characterizing pressure distribution at zero angle of 
attack 
exponent characterizing windward incremental surface pressure 
distribution due to angle of attack 
exponent characterizing leeward incremental surface pressure 
distribution due to angle of attack 
normalized value of pressure distribution integral with respect to 
A* at angle of attack 
normalized value of pressure distribution integral with respect to 
z/b at angle of attack 
normalized value of  pressure distribution integral with respect to 
A* at zero angle of attack 
normalized pressure distribution function (eq. (4)) 
vertical coordinate 
horizontal or spanwise coordinate 
angle of attack 
incremental chord-force coefficient due to angle of attack 
incremental pressure on cone due to angle of attack in horizontal 
plane of symmetry 
incremental surface pressure coefficient due to angle of attack 
(a+ windward surface, a- leeward surface) 
circular cone semiapex angle 
equivalent two-dimensional wedge angle, zero angle-of-attack case 
equivalent two-dimensional wedge angle, angle-of-attack case 
semiapex angle of elliptic cone in vertical plane of symmetry 
semiapex angle of elliptic cone in horizontal plane of symmetry 
proportionality constant (eq. (6)) 
slope of correlation line (fig. 1) 
polar coordinate (sketch (a)) 
A METHOD FOR PREDICTING PRESSURES ON ELLIPTIC CONES 
AT SUPERSONIC SPEEDS 
George E .  Kaattari 
Ames Research Center 
SUMMARY 
A method i s  presented  f o r  es t imat ing  t h e  p re s su re  d i s t r i b u t i o n  over 
e l l i p t i c  cones a t  supersonic  Mach numbers and angle  of  a t t a c k .  The method i s  
based on an empir ical  c o r r e l a t i o n  between experimental  p re s su res  i n  the  sym- 
metry p lanes  of e l l i p t i c  cones and t h e  p re s su res  given by two-dimensional 
shock theory .  The method i s  app l i cab le  f o r  Mach numbers g r e a t e r  than  2 ,  f o r  
cones whose e l l i p t i c i t y  r a t i o s  range from 1 t o  6,  and f o r  cones whose maximum 
semiapex angle  i s  less than  3 0 ' .  
agree wel l  with experimental  va lues .  
Resul t s  given by t h e  method are shown t o  
INTRODUCTION 
S tud ie s  have shown t h a t  an e l l i p t i c  cone can develop reasonably high 
l i f t - d r a g  r a t i o s  and y e t  provide usable  volume. 
s u i t a b l e  s t a b i l i z i n g  su r faces ,  o f f e r s  p o s s i b i l i t i e s  as a supersonic  f l i g h t  
v e h i c l e .  
Such a body, equipped with 
Exact t h e o r e t i c a l  s o l u t i o n s  f o r  p re s su re  d i s t r i b u t i o n s  on e l l i p t i c  cones 
a t  angle  of a t t ack  a r e  d i f f i c u l t  t o  d e r i v e  and a r e  usua l ly  numerical so lu t ions  
t o  exact  equat ions r equ i r ing  machine computation. Approximate s o l u t i o n s  f o r  
p re s su re  d i s t r i b u t i o n  a r e  given by Newtonian theory and by t h e  tangent  cone 
method. In  many cases  these  approximate methods g ive  p re s su re  d i s t r i b u t i o n s  
t h a t  agree w e l l  with experimental  va lues ;  however, t h e r e  a r e  ranges of Mach 
number and cone geometry i n  which good r e s u l t s  are not  ob ta ined .  Both methods 
f a i l  t o  account f o r  p re s su res  over t h e  leeward su r face  of a cone when it i s  
sh ie lded  from t h e  f r e e  stream by angle  of  a t tack .  
This  r e p o r t  p re sen t s  a semiempirical  method with which p res su re  d i s t r i b u -  
t i o n s  over t h e  e n t i r e  su r face  of  an e l l i p t i c  cone can be est imated with good 
accuracy f o r  a wide range of  Mach numbers, cone geometry, and angles  of a t t a c k .  
ANALY S I S 
The a n a l y s i s  requi red  f o r  p r e d i c t i n g  p res su re  d i s t r i b u t i o n s  on e l l i p t i c  
cones w i l l  be  developed i n  two p a r t s .  F i r s t ,  t h e  zero angle-of -a t tack  case  i s  
considered.  The a n a l y s i s  i s  based on an experimental ly  suggested invar iance  
of chord-force c o e f f i c i e n t  with cone s e c t i o n  e l l i p t i c i t y  ( r e f .  1)  and on a 
l i n e a r  c o r r e l a t i o n  o f  experimental  p re s su res  on t h e  symmetry p lanes  o f  e l l i p -  
t i c  cones with two-dimensional va lues  from shock theory .  This  information i s  
s u f f i c i e n t  f o r  p r e d i c t i n g  t h e  p re s su re  d i s t r i b u t i o n  over  t h e  cone su r face .  
Next, t h e  a n a l y s i s  w i l l  be extended t o  t h e  angle-of -a t tack  case. The p r e s -  
su res  on t h e  symmetry p lanes  of t h e  cone a t  angle  of  a t t a c k  w i l l  a l s o  be shown 
t o  c o r r e l a t e  i n  a simple way with va lues  from two-dimensional shock theory.  
These symmetry p lane  p res su res  p l u s  a d d i t i o n a l  c o r r e l a t i o n s  t o  be descr ibed  i n  
d e t a i l  then  provide information s u f f i c i e n t  t o  estimate p res su re  d i s t r i b u t i o n s  
c l o s e l y  on a cone s u r f a c e  a t  angle  of  a t t a c k .  
E l l i p t i c  Cones a t  Zero Angle o f  A t t a c k  
Chord fo rce -  Experimental i n v e s t i g a t i o n  of  e l l i p t i c  cones ( r e f .  1) i n d i -  
c a t e s  t h a t  f o r  a given Mach number, cone l eng th ,  and base  area, t h e  chord 
f o r c e  i s  cons tan t  over  a l a r g e  range i n  t h e  e l l i p t i c i t y  r a t i o ,  b /a ,  o f  t h e  
cone c ross  s e c t i o n  a t  zero angle  of  a t tack.  This  r e s u l t  i s  p red ic t ed  by s l e n -  
de r  body theory  i n  which t h e  chord f o r c e  depends only on t h e  maximum c ross -  
s e c t i o n a l  area and i s  independent of shape. Newtonian theory  a l s o  gives  t h i s  
r e s u l t  f o r  small  e l l i p t i c i t y  r a t i o  o r ,  i n  any case,  i f  t h e  maximum angle  of 
t h e  cone apex i s  less than  about 30". The assumption was accordingly made 
t h a t  t h e  zero angle-of -a t tack  chord-force c o e f f i c i e n t  of  an e l l i p t i c  cone a t  
a given Mach number i s  equal t o  t h a t  of a c i r c u l a r  cone of t h e  same length  and 
base area. 
Cor re l a t ion  of con ica l  and two-dimensional pressures-  Typical  c o r r e l a -  
t i o n s  developed between experimental  p re s su res  ( r e f s .  1 ,2)  i n  t h e  symmetry 
p lanes  of e l l i p t i c  cones and t h e  corresponding two-dimensional o r  wedge p res -  
su res  when t h e  wedge angles  a r e  equal t o  t h e  cone semiapex angles  i n  t h e  ver -  
t i c a l ,  y ,  and h o r i z o n t a l ,  z ,  p lanes  of symmetry are shown i n  f i g u r e  1. Linear  
c o r r e l a t i o n s  r e s u l t  a t  a given Mach number f o r  a fami ly  of cones t h a t  have t h e  
same r a t i o  of base area t o  length  bu t  d i f f e r  i n  c ros s - sec t ion  e l l i p t i c i t y .  
The c i r c u l a r  cones are i d e n t i f i e d  by f i l l e d  symbols. The p res su res  a t  these  
coord ina te  p o i n t s  may be r e a d i l y  determined from supersonic  handbooks ( e .g . ,  
r e f .  3 ) .  The appropr i a t e  cone f o r  each fami ly ,  f i x e d  by t h e  cons tan t  base 
area and length  requirement,  has t h e  semiapex angle ,  6,, determined from 
The value of  t h e  s lope ,  II = dCp/dCpw, would then  completely de f ine  t h e  c o r r e l a -  
t i o n  l i n e .  The p res su res  i n  t h e  symmetry p lanes  of any e l l i p t i c  cone i n  t h e  
family could then be determined from t h e  c o r r e l a t i o n  l i n e  with t h e  two- 
dimensional (wedge) p re s su re  c o e f f i c i e n t  corresponding t o  t h e  cone angle  i n  
the  p lane  of symmetry and t h e  free-s t ream Mach number. 
Experimentally determined s lopes  1-1 ( r e f s .  4,s) inc luding  those  of  
f i g u r e  1 and c e r t a i n  t h e o r e t i c a l  va lues  ( r e f .  6) were p l o t t e d  on logar i thmic  
s c a l e s  as a func t ion  of t h e  r a t i o  of c i r c u l a r  cone p res su re  t o  wedge p res su re .  
The genera l ,  l i n e a r  c o r r e l a t i o n  shown i n  f i g u r e  2 was found t o  r e s u l t  f o r  t h e  
wide range of cone geometries and Mach numbers shown. 
c l o s e l y  represented  by 
2 
This  c o r r e l a t i o n  i s  
The c o r r e l a t i o n  l i n e s  of  f i g u r e  1 are thus  completely s p e c i f i e d  by 
and may be cons t ruc ted  f o r  any family of  e l l i p t i c  cones without  appeal t o  
experiment s i n c e  accu ra t e  t h e o r e t i c a l  va lues  of p re s su re  c o e f f i c i e n t s  f o r  




I t A* 0 Y 
Sketch (a) 
Pressure  d i s t r i b u t i o n -  A t y p i c a l  p re s -  
s u r e  d i s t r i b u t i o n  on an e l l i p t i c  cone a t  
zero angle  of a t t a c k  i s  represented  i n  
ske tch  (a)  by t h e  s o l i d  curve,  Cp. 
dashed curves r ep resen t  a decompositon o f  t h e  
s o l i d  curve i n t o  Cpzo and Cp - Cp curves.  
The absc i s sa ,  A*, r ep resen t s  t h e  r a t i o  of 
t h e  a r e a  of t h e  ind ica t ed  s e c t o r  t o  t h a t  o f  
t h e  whole quadrant .  The v a r i a b l e  A* i s  
u t i l i z e d  s i n c e  t h e  i n t e g r a l  of t h e  p re s su re  
d i s t r i b u t i o n  curve,  Cp, i s  then  equal  t o  t h e  
chord-force c o e f f i c i e n t  r e f e r r e d  t o  t h e  base 
area which, i n  view of previous d i scuss ion ,  
i s  equal t o  t h e  p re s su re  c o e f f i c i e n t ,  
of t h e  equiva len t  c i r c u l a r  cone. Symmetry 
cons idera t ions  r e q u i r e  t h a t  t h e  d e r i v a t i v e s  
of t h e  p re s su re  d i s t r i b u t i o n  curves with 
r e s p e c t  t o  A* be zero a t  A* = 0 and a t  




, and Cp a r e  r e l a t e d  as fo l lows:  
C 
The known p res su res  
1 9 '  'S (A*) dA* 
0 1 cpc =slCp dA* = cpzo - j l ( C p z o  - Cp)dA* = Cp zo - (Cp zo - cpyo 0 0 
o r  \ 
The term s(A*) r e p r e s e n t s  t h e  monotonically decreas ing  curve (Cp - Cp) 
normalized t o  have t h e  va lue  of u n i t y  (1) a t  A* = 0.  A simple,  monotonically 
decreasing func t ion  having t h e  r equ i r ed  p r o p e r t i e s  s ( 0 )  = 1, s ( 1 )  = 0 ,  




1 + cos T ( A * ) ~  
2 s(A*) = 
Values of t h e  i n t e g r a l  (eq. ( 3 ) )  were found f o r  va r ious  va lues  of n .  The 
r e s u l t s ,  represented  by S (n) as a func t ion  of n ,  are p l o t t e d  i n  f i g u r e  3 .  
2c 
5 
Since t h e  p re s su re  r a t i o  
i s  known, t h e  va lue  of n corresponding t o  
u r e  3 .  
determined wi th  equat ion (5).  
The p r e s s u r e  d i s t r i b u t i o n  curve,  Cp, 
S (n) is  a l s o  known from f i g -  
as a func t ion  of A* i s  then  2c 
- c  
cos - cPzo + CPyo - -  cPzo cP - 2 2 (5) 
E l l i p t i c  Cones a t  Angle of A t t a c k  
Pressures  i n  t h e  v e r t i c a l  p lane  of symmetry- The method f o r  es t imat ing  
t h e  p re s su res  on an e l l i p t i c  cone i n  t h e  v e r t i c a l  p l ane  of symmetry a t  angle  
of a t t a c k  i s  as fo l lows:  The r equ i r ed  angle ,  AWa, f o r  a two-dimensional wedge 
was determined so  t h a t  t h e  a s soc ia t ed  wedge p res su re  would equal  t h e  exper i -  
mental p re s su re  on t h e  cone element i n  t h e  v e r t i c a l  p lane  o f  symmetry. 
l i n e a r  r e l a t i o n s h i p  was assumed between t h e  r equ i r ed  angle ,  &wa, and t h e  t o t a l  
i n c l i n a t i o n  6y + ct of t h e  cone element.  The p r o p o r t i o n a l i t y  constant  6* 
was determined a t  zero angle  of a t t a c k  and assumed t o  be v a l i d  a t  angle  o f  
a t t a c k ,  t h a t  i s  
A 
o r  
6 6 
&,, = 6*(GY + a) 
The p res su re  on t h e  cone i n  the  v e r t i c a l  p l ane  o f  symmetry is  then t h a t  of  a 
two-dimensional wedge a t  t h e  same Mach number and whose su r face  i s  i n c l i n e d  
a t  t h e  angle ,  GWa, as determined with equat ion (6 ) .  
Equation (6) was v e r i f i e d  by good c o r r e l a t i o n  between p red ic t ed  and 
experimental  p re s su res  as shown i n  f i g u r e  4 f o r  a v a r i e t y  of cones a t  
d i f f e r e n t  Mach numbers and angles  of a t t a c k .  
Pressures  i n  t h e  ho r i zon ta l  p l ane  of  symmetry- The method f o r  es t imat ing  
Newtonian theory  
t h e  p re s su re  c o e f f i c i e n t  i n  the  ho r i zon ta l  p l ane  of symmetry on e l l i p t i c  cones 
was based on an empir ica l  modi f ica t ion  of  Newtonian theory .  
gives  t h e  following expression f o r  t h e  v a r i a t i o n  of  p re s su re  i n  the  ho r i zon ta l  
p lane  of  symmetry on an e l l i p t i c  cone with angle  of a t t a c k .  
o r  
cPzo - c  Pzct = ACPz - 
s i n 2  ct s i n 2  a - cPzo 
( 7 )  
4 
Values f o r  given by exac t  theory  i n  reference 7 f o r  va r ious  circular 
cones, angles  of  a t t a c k ,  and Mach numbers were p l o t t e d  i n  f i g u r e  5 with t h e  
coord ina tes  ind ica t ed  by equat ion (7 ) .  A l i n e a r  c o r r e l a t i o n  of  t he  low angle  
(Oo < a < 5") d a t a  represented  by s o l i d  symbols i s  ev ident .  
t h a t  che o rd ina te ,  A$,/sin2 a, m u l t i p l i e d  by t h e  term, M, s i n  6, brought 
i n t o  c o r r e l a t i o n  t h e  data of  t h o s e  cones whose "e f f ec t ive"  s lenderness  param- 
e te r ,  M, s i n  6 was less than  u n i t y .  The h ighe r  angle-of -a t tack  d a t a  approach 
t h e  lower o r  Newtonian c o r r e l a t i o n .  This  i s  t o  be expected s i n c e  a t  angles  of  
w i l l  be s u b s t a n t i a l l y  zero by any a t t a c k  approaching 90' t h e  p r e s s u r e ,  
- . An i n t e r p o l a t i o n  technique f o r  e s t ima t ing  t h e  theory,  t h a t  i s ,  ACpz 
effect  of angle  of a t t a c k  between t h e  empir ica l  low-angle c o r r e l a t i o n  curve,  
ACpz/sin2 a = 0.500 + 1.33Cpz0, and t h e  high-angle  c o r r e l a t i o n  curve,  
AC / s i n 2  a = C i s  d i scussed  i n  t h e  appendix. The e s s e n t i a l  r e s u l t s  of 
t h e  i n t e r p o l a t i o n  are presented  i n  f i g u r e  6 as ACpz/Cpzo as a func t ion  of 
angle  of a t t a c k ,  a, f o r  va r ious  va lues  of t h e  parameter ,  
(0.500 * 1.33$zo)/(CpzoMm s i n  "). 
i t  i s  assumed t o  be v a l i d  f o r  e l l i p t i c  cones as w e l l .  
i n d i r e c t l y  confirmed by good chord-force p r e d i c t i o n s  f o r  h ighly  e l l i p t i c  cones 
a t  ang 1 e of a t t a c k  . 
Cpza 
I t  was discovered 




Although t h e  above c o r r e l a t i o n  was based on t h e  d a t a  f o r  c i r c u l a r  cones, 
This  assumption i s  
ACPa 
O 1  
Pressure  d i s t r i b u t i o n -  Typical incremen- 
t a l  p re s su re  d i s t r i b u t i o n s  on an e l l i p t i c  cone 
due t o  angle  of  at tack are shown i n  ske tch  (b) .  
Curves ACpa+ and ACp r ep resen t  t h e  inc re -  
mental p re s su re  d i s t r i b u t i o n s  on t h e  windward 
a- 
and leeward su r faces  of  t h e  cone, r e s p e c t i v e l y .  
I n  t h i s  case, symmetry cons idera t ions  r e q u i r e  
t h a t  t h e  s lopes  of  t h e s e  curves i n  t h e  v e r t i -  
ACpz cal p lane  o f  symmetry (A* = 01 a r e  zero a t  a l l  
angles  of  a t t a c k .  I t  i s  again assumed t h a t  
t hese  p re s su re  d i s t r i b u t i o n  curves are of un i -  
\ formly decreas ing  o r  i nc reas ing  va lue  over  t h e  
i n t e r v a l  0 < A* < 1. The curve of ACpa+ has 
t h e  s lope  -m a t  A* = 1 and t h e  curve of  ACpa- 
has t h e  s lope  +m a t  A* = 1. Simple monotonic 
0 A *  ' func t ions  of  A* having zero s lope  a t  A* = 0 
and a nonzero s lope  a t  A* = 1 were used t o  
r ep resen t  t h e  p re s su re  d i s t r i b u t i o n  curves 
Sketch (b) shown i n  ske tch  ( b ) .  
AcP,+ - cPc,+ - c, = k P y a +  - cPyo ) + ACpz]cos  IT/^) (A*)n+] - ACpz 
( sa )  
5 
A$ = Cp - Cp = - [(Cpyo - Cp ) - ACpJcos[(n/2) (A*)n-] - ACp (8b) 
a- a- Y a -  Z 
The average va lue  of t h e  i n t e g r a l s  wi th  r e s p e c t  t o  A* of  equat ions (8) 
g ives  t h e  incremental  chord-force c o e f f i c i e n t ,  ACc,  due t o  angle  o f  a t t a c k  a s  
expressed i n  t h e  fol lowing:  
( 9 )  
The func t ions  S (n) r equ i r ed  i n  equat ion (9) are def ined  by t h e  i n t e g r a l  
1c 
I C  c o s [ ( ~ r / 2 )  (A*)n]dA* 
0 
A p l o t  o f  S (n) as a func t ion  of  n i s  g iven  i n  f i g u r e  7 .  
I C  
The normal-force c o e f f i c i e n t  i s  t h e  d i f f e r e n c e  between p res su re  c o e f f i -  
c i e n t  curves ACp,+ and ACp 
malized span v a r i a b l e ,  z/b = sin(-rrA*/2). The r e s u l t  i s  
(sketch (b) )  i n t e g r a t e d  with r e s p e c t  t o  t h e  nor-  
a- 
where t h e  func t ion  SIN(n)  i s  de i ined  by t h e  i n t e g r a l  
A p l o t  of  SIN(n)  as a func t ion  of n i s  given i n  f i g u r e  7. The normal-force 
c o e f f i c i e n t  i s  determined wi th  equat ion (11) when t h e  va lues  f o r  n a r e  
s p e c i f i e d .  
The va lues  f o r  n requi red  i n  equat ions  ( S ) ,  ( 9 ) ,  and (11) are consid- 
m ered nex t .  
i nd ica t ed  i n  ske tch  (b) t h a t  
Newtonian theory  g ives  t h e  r e s u l t  f o r  t h e  p re s su re  d e r i v a t i v e  
n s i n  2a 
Y 
dC 
dA* m = -P= (2 s i n 2  6z)2 tan 
6 
The s lope  m of p re s su re  d i s t r i b u t i o n  curves given by a more s o p h i s t i -  
ca t ed  (exact)  theory  of  r e fe rence  7 f o r  c i r c u l a r  cones were compared with 
Newtonian values  i n  f i g u r e  8. Su rp r i s ing ly  good agreement between Newtonian 
va lues  and exac t  va lues  was found as shown. 
The foregoing d iscuss ions  i n  regard t o  incremental  p re s su re  d i s t r i b u t i o n  
due t o  angle  of a t t a c k  and t o  t h e  p re s su re  d e r i v a t i v e  
p lane  o f  symmetry apply d i r e c t l y  t o  c i r c u l a r  cones t h a t  have a uniform p res -  
s u r e  a t  zero angle  of a t t a c k .  I n  t h e  case of  e l l i p t i c  cones, a modi f ica t ion  
t o  t h e  Newtonian p res su re  d e r i v a t i v e  i s  requi red .  This  c o r r e c t i o n  takes i n t o  
account t h e  fact  t h a t  an e l l i p t i c  cone does not  have cons tan t  zero angle-of-  
a t t a c k  re ference  p res su re  d i s t r i b u t i o n  and although t h e  p re s su re  d e r i v a t i v e  i s  
zero a t  A* = 1, it r a p i d l y  assumes a va lue  o t h e r  than  zero f o r  A* c 1. I t  
was found f o r  a wide range of cone e l l i p t i c i t y  r a t i o s  t h a t  a good approxima- 
t i o n  t o  t h e  zero angle-of -a t tack  p res su re  d i s t r i b u t i o n  was cha rac t e r i zed  by a 
curve whose average p res su re  d e r i v a t i v e  i n  the  v i c i n i t y  of A* = 1 i s  
m i n  the  ho r i zon ta l  
) a s - i n d i c a t e d  i n  
W p  zo - cpyo 
cP 





ske tch  ( c ) .  Therefore ,  an improved s lope  f o r  
t h e  incremental  p re s su re  d i s t r i b u t i o n  i n  t h e  
v i c i n i t y  of A* = 1 i s  obviously given i f  t h e  
s lope  term 2(Cpz0 - Cpyo) i s  added t o  t h e  
s lope  . m  given by equat ion (13).  The cor -  
r e c t i o n  t o  m should be sub t r ac t ed  f o r  t h e  
leeward p res su re  d i s t r i b u t i o n ;  however, a 
d i s c o n t i n u i t y  i n  p re s su re  s lope  would then be 
imposed a t  A* = 1. The c o r r e c t i v e  term 
2(Cpzo - Cpyo) was t h e r e f o r e  appl ied  i n  t h e  
p o s i t i v e  sense t o  both windward and leeward 
p res su re  d i s t r i b u t i o n  c a l c u l a t i o n s  t o  avoid 
t h i s  d i s c o n t i n u i t y .  The values  f o r  n+ and 
n- 
d i f f e r e n t i a t i n g  equat ions (8) and r e c a l l i n g  
t h a t  
a r e  r e l a t e d  t o  t h i s  modified s lope  by 
dCp/dA* = 0 a t  A* = 1. 
~ dA* - -@Pya+ - CPyo + ncPz)q (n+) = - [ m + 2 ( P z o  c - cPyo )I pa+ - 
2 p +  2(cp zo - cpyo 
+ P y a +  - cPyo + .p,> (n+) = 
7 
o r  
(n-) = !I 2 [ I .  + 2(cp - c 
+PY0 - CPya- - ACP,) 
zo pyo 
Equations (14) with equat ion (13) g ive  numerical va lues  f o r  n+ and n- .  Pres- 
s u r e  coef f ic i .en t  d i s t r i b u t i o n s ,  chord- and normal-force c o e f f i c i e n t s  can then  
be ca l cu la t ed  with equat ions  ( 8 ) ,  ( 9 ) ,  and (11) and t h e  curves of f i g u r e  7.  
COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED RESULTS 
The comparisons between experimental  and p red ic t ed  r e s u l t s  presented  
he re in  are no t  exhaust ive but  are t y p i c a l  of  a l a r g e r  body of such comparisons 
made during t h e  course of t h i s  i n v e s t i g a t i o n .  D i rec t  comparisons between t h e  
p red ic t ed  r e s u l t s  o f  t h e  p re sen t  method and o t h e r  simple methods were l imi t ed  
t o  t h e  zero angle-of-at tack case.  
Aerodynamic Coef f i c i en t s  
The v a l i d i t y  o f  t h e  method f o r  determining p res su re  d i s t r i b u t i o n  was 
assessed  i n d i r e c t l y  by comparison of  t h e  i n t e g r a t e d  p res su re  c o e f f i c i e n t s  i n  
t h e  form o f  t h e  aerodynamic c o e f f i c i e n t s ,  CL and CD 
from re fe rence  1 presented  i n  f i g u r e  9 .  These experimental  d a t a  r ep resen t  a 
wide range i n  cone e l l i p t i c i t y ,  1 b /a  < 6,  a t  Mach numbers 2 and 3 .  The 
agreement between experimental  and p red ic t ed  va lues  i s  considered good over  t h e  
g r e a t e r  po r t ion  of t h e  angle-of -a t tack  range of  t h e  comparison. Discrepancies 
between experimental  and p red ic t ed  va lues  a r e  apprec iab le  only i n  a few cases  
and then  only when the  angle  of a t t a c k  i s  g r e a t e r  than  about 10". This  lack 
of good agreement a t  h igher  angles  of  a t t a c k  i s  due t o  t h e  e f f e c t s  of vo r t ex  
flow i n  t h e  wake. These effects are known t o  become s i g n i f i c a n t  with inc reas -  
ing  angle  of a t tack.  The p resen t  method, based on i n v i s c i d  flow, does not  
take i n t o  account any e f f e c t s  of  vo r t ex  flow. 
with experimental  va lues  
I t  should be noted t h a t  a small experimental ly  determined s k i n - f r i c t i o n  
chord-force c o e f f i c i e n t  has-been  taken i n t o  account i n  c a l c u l a t i n g  t h e  p re -  
d i c t e d  va lues  presented  i n  f i g u r e  9 i n  o rde r  t o  make an equ i t ab le  comparison. 
8 
Pressure  D i s t r i b u t i o n s  
Zero -- angle  of a t t a c k -  Experimental and p red ic t ed  p res su re  d i s t r i b u t i o n s  
are p r e s e n t e d - f o r  e l l i p t i c  cones a t  zero angle  o f  a t t a c k  i n  f i g u r e  10. 
p red ic t ed  values  inc lude  those  of  t h e  tangent  cone method and Newtonian theory 
as wel l  as those  o f  t h e  p re sen t  method. These p re s su re  d i s t r i b u t i o n s  i n d i c a t e  
t h a t  t h e  p re sen t  method g ives  s i g n i f i c a n t l y  b e t t e r  agreement with experimental  
values  than  do t h e  o the r  methods f o r  cones of e l l i p t i c i t y  r a t i o ,  b/a  = 3 and 
h ighe r .  For lower e l l i p t i c i t y  r a t i o s ,  t h e  p re s su re  d i s t r i b u t i o n s  given by t h e  
p re sen t  method are as good o r  b e t t e r  than va lues  given by t h e  tangon? cone 
method. The Newtonian theory va lues  a r e  c o n s i s t e n t l y  low. 
The 
e l  
f i  
Angle of a t tack-  Experimental and p red ic t ed  p res su re  d i s t r i b u t i o n s  of  two 
l i p t i c -  cones a t  angle  of  a t tack and a t  two Mach numbers a r e  presented  i n  
gure 11. Predic ted  r e s u l t s  of  t h e  o t h e r  methods considered a t  zero angle  of  
a t t a c k  are omit ted f o r  sake of  f i g u r e  c l a r i t y .  
mental and p red ic t ed  p res su re  d i s t r i b u t i o n s  i s  considered s a t i s f a c t o r y ,  p a r t i c -  
u l a r l y  a t  t he  h igher  Mach number of 6 .  A no tab le  area of  disagreement between 
p red ic t ed  and experimental  p re s su res  e x i s t s . a t  t h e  h igher  angle  of  a t tack 
(a = 20') on the  leeward su r faces  of both cones a t  Mach number 3.09. This  
disagreement i s  due t o  t h e  e f f e c t s  of vo r t ex  flow i n  the  wake previous ly  
mentioned. 
The agreement between exper i -  
CONCLUDING REMARKS 
An empir ica l  method has been developed f o r  p r e d i c t i n g  p res su re  d i s t r i b u -  
t i o n s  over e l l i p t i c  cones a t  angle  of  a t t a c k .  The method i s  app l i cab le  f o r  
Mach numbers above 2 ,  f o r  cones whose e l l i p t i c i t y  r a t i o ,  b /a ,  ranges from 1 t o  
6 ,  and f o r  cones whose maximum semiapex angle  does not  exceed about 30'. 
The method i s  based, p r imar i ly ,  on an empir ica l  c o r r e l a t i o n  between 
experimental  p ressures  on the  symmetry p lanes  of  e l l i p t i c  cones with two- 
dimensional va lues  from shock theory;  and, secondar i ly ,  on c o r r e l a t i o n s  of 
spanwise p re s su re  d e r i v a t i v e s  with parameters suggested by Newtonian theory.  
Predic ted  p res su re  d i s t r i b u t i o n s  and aerodynamic c o e f f i c i e n t s  were com- 
pared with experimental  va lues  f o r  a i r  flows i n  the  Mach number range from 2 
t o  6, with cones of e l l i p t i c i t y  r a t i o ,  b /a ,  ranging from 1 t o  6,  and angles  of 
a t t a c k  ranging from 0' t o  20".  S a t i s f a c t o r y  agreement between p red ic t ed  and 
experimental  va lues  was found. The p r e d i c t i o n s  given by t h e  p r e s e n t  method 
are  gene ra l ly  i n  b e t t e r  agreement with experimental  va lues  than  those  given by 
t h e  tangent  cone method o r  by Newtonian theory.  
Ames Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 
Moffett  F i e ld ,  C a l i f . ,  94035, May 13 ,  1970 
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APPENDIX A 
DERIVATION OF THE. INTERPOLATION FUNCTION USED IN PREPARING 
THE CURVES OF FIGURE 6 
A s  s t a t e d  p rev ious ly ,  it was found t h a t  t h e  change i n  t h e  p re s su re  coef-  
f i c i e n t  i n  t h e  h o r i z o n t a l  p lane  of symmetry a t  low angles  of  a t t a c k  was 
expressed as ACpz/Cpzo = [ (0.500 + 1.33Cp )/Cpzo]sin2 c1 and a t  angles  of 
a t t a c k  near  90' as In ske tch  (d) t h e  s lope  of  t h e  
zo 
ACpz/Cpz0 = s i n 2  a .  
l i n e  0-1 i s  (0.500 + 1.33Cp 
re sen t ing  t h e  low-angle c o r r e l a t i o n  curve.  
The s lope  o f  l i n e  0-2 i s  1, and r e p r e s e n t s  
t h e  Newtonian and/or high-angle-of-at tack 
c o r r e l a t i o n  curve.  The s o l i d  curve repre-  
s e n t s  a monotonic i n t e r p o l a t i o n  func t ion  
o f  s i n 2  a which i s  tangent  t o  t h e  low- 
and high-angle  c o r r e l a t i o n  curves i n  t h e  
neighborhoods of  t h e i r  r e spec t ive  v a l i d i t y  
( s i n 2  a = 0 and 1 . 0 ) .  
)/Cpzo, rep-  zo 
The s imples t  monotonic i n t e r p o l a t i o n  
func t ion  was found t o  be a s e r i e s  expres- 
s i o n  of t h r e e  terms us ing  t h e  o rd ina te ,  
AC /Cpzo ,  as t h e  independent v a r i a b l e ;  
pz 
Sketch (d) t h a t  i s ,  
3 
s i n 2  c1 = k l  (-) + k2($)' + k 3  (z) 
In  o rde r  t o  s a t i s f y  t h e  known s lopes  and o rd ina te s  r equ i r ed  of t h e  i n t e r p o l a -  
t i o n  func t ion ,  t h e  va lues  of t h e  c o e f f i c i e n t s ,  k ,  were found t o  be 
z C b103 s i n  6 
, k2 = -2(k l  - l ) ,  and k 3  = (kl  - 1)  (A2 1 pzo 0.500 + 1.33Cpz0 k l  = 
Equation (Al) was eva lua ted  f o r  va r ious  numerical va lues  f o r  k f o r  t a b u l a t -  
ing  s i n 2  c1 as  a func t ion  of (AC /Cp ) .  This  t a b u l a t i o n  was used t o  con- 
as a func t ion  of  angle  of a t t a c k ,  a, f o r  var ious  s t r u c t  curves of 
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Figure 4.- Experimental and est imated pressures  i n  t h e  v e r t i c a l  plane o f  
symmetry o f  e l l i p t i c  cones at angle  of  a t t a c k .  
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Figure 5.- Effect of angle of attack on the pressure coefficient in the 
horizontal plane of symmetry of cones. 
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Figure 8.- Corre la t ion  o f  exact  theory ( r e f .  7)  and Newtonian pressure  
c o e f f i c i e n t  d e r i v a t i v e s ,  m ,  i n  the h o r i z o n t a l  plane o f  symmetry of 
c i r c u l a r  cones. 
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Figure 9.- Experimental and p red ic t ed  aerodynamic c o e f f i c i e n t s  of e l l i p t , i c  
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Figure 10.- Experimental and p red ic t ed  p res su re  d i s t r i b u t i o n s  o f  e l l i p t i c  
cones a t  zero angle  of  a t t a c k .  
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Figure 11.- Experimental and p r e d i c t e d  pressure  d i s t r i b u t i o n s  of e l l ,$  
cones o f  re ference  2 at  angle  of a t t ack .  
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